Introduction
A lot of unique transportation devices on the ground have been developed.
1-4 Segway 2 is the impressive one among them. On the other hand, on water, there are a few personal devices, [5] [6] [7] which sometimes need paddling to move. If the personal mobility that make it possible to move intuitively and quickly on water is realized, it will be useful for survey of rivers and ponds, rescue, amusement and so on.
Therefore, in this study, we propose an omnidirectional vehicle on water (O-VOW) which is controlled according to information of the inclination based on a rider's balance as shown in Fig.1 . This vehicle realizes an intuitive navigation on water. Since it moves in all directions, the rider can operate it even at a narrow channel without turning.
The rest of this paper is organized as follows: In Section 2, a developed prototype is explained. The control scheme of thrusters and the structure of O-VOW are illustrated in Section 3. In Section 4, preliminary experiments and riding tests are examined and the effectiveness of O-VOW is shown. Finally, Section 5 provides the conclusions and future works 
Development of O-VOW
A prototype of O-VOW is shown in Fig.2 . It consists of a boarding part, thrusters and a control unit. A large tub made of polycarbonate is used as the boarding part. Polycarbonates have impact resistance. Also, since they are highly transparent, the rider will be able to see objects under the water. 
Control Scheme of O-VOW
In order to stabilize the omnidirectional movement, the developed O-VOW has three thrusters as shown in Fig.5 , which are located at θ 1 , θ 2 and θ 3 . The command to each thruster is obtained as follows.
-
Let the commands to thrusters 1 to 3 be
Here, when the command α i is positive, the thruster i generates the propulsion in the direction of the arrow in Fig.5 .
The O-VOW controls the propulsion according to the inclination caused by the rider's balance. Let the reference direction of the propulsion, which is the direction of inclination, be β = [β x , β y ]
T . Then, the relationship between α and β can be expressed as the following equation.
[
The vector of the thruster command is obtained as below by using the
The inclination of O-VOW is calculated from the accelerometer mounted on O-VOW. In this study, it is assumed that all the acceleration acting on the sensor is caused by the gravity. Let the accelerations on x, y and z axes be a x , a y and a z , respectively. The inclinations of O-VOW around x and y axes are θ and ϕ, respectively. Figure 6 explains the relationship about θ. When it is assumed that the inclination θ is enough small such as tan θ ≃ θ, then the inclination θ can be obtained from the following equation:
The inclination ϕ is also obtained as the same way.
Multiplying the obtained inclinations θ and ϕ by the gain K gives the reference propulsion vector of O-VOW
The above equation means that the larger inclination makes the propulsion higher. 
Preliminary test
In order to confirm the performance of O-VOW, the preliminary test was conducted. As the experiment 1, a weight of 2.7 [kg] was mounted on the above of thruster 1 so that O-VOW slightly leaned to the direction of y-axis. The angles obtained from the calculation are shown in Fig. 7 . When the weight was applied at 15 [s], the angle θ changed quickly and the angle ϕ remained at almost zero. The trajectory calculated by numerical integration of the above angles is illustrated in Fig. 8 . As seen from the figures, O-VOW moved towards the direction of the thruster 1. Next, as the experiment 2, the weight was applied on the above of thruster 2 and was released after a while. The angles obtained from the calculation are shown in Fig. 9 . When the weight was applied at 12 [s], the angles θ and ϕ changed at the same time. Moreover, when the weight was released at 16 [s], θ and ϕ returned at the same time. The trajectory calculated by numerical integration of the above angles is illustrated in Fig. 10 . It can be seen that O-VOW moves properly in the direction. 
Riding test
A rider was sitting on O-VOW and an experiment was examined as shown in Fig.11 . The rider moved the balance, and made O-VOW inclined forward. As a result, O-VOW began to move forward and the maximum speed of about 1 [km/h] was recorded.
Next experiment is shown in Fig. 12 . In the experiment, the standing rider leaned O-VOW to run forward for 14 seconds (from (a) to (g) in Fig. 12 ). At about 14 [s] in Fig. 12(h) , he began to lean back, and finally stopped in Fig. 12(i) .
The last experiment is shown in Fig. 13 . In the experiment, the rider changed the course to right at 12 [s] in Fig. 13(d) . 
Conclusions
In this paper, we have proposed an omnidirectional vehicle on water (O-VOW) whose propulsion is controlled according to the inclination and developed a prototype. The control scheme for O-VOW was described and the effectiveness of O-VOW was experimentally shown. O-VOW can run, stop and adjust the course on water by the rider's balance. As future works, we will improve the stability, maneuverability and speed. 
